Abstract: RNA editing is an important process involved in the modification of nucleotides in the transcripts of a large number of functional genes. RNA editing results in the restoration of conserved amino acid residues for protein function in plants. In this review, I only describe and discuss the identified RNA editing and the RNA editing associated regulation in chloroplast, including cytidine-to-uridine editing, adenosine-to-inosine editing, and regulation of RNA editing in model plants, crop plants, woody plants, and medical plants. Information described in this review could be valuable in future investigation of molecular mechanisms that determine the specificity of the RNA editing process.
INTRODUCTION
Despite great progress has been made in technologies of analyzing RNA editing, critical editing factors remain to be identified in many of the plants [1] . RNA editing changes the sequence of transcripts of functional gens, the molecular mechanisms determining the specificity of the RNA editing process are not fully understood [2] . In plants, RNA editing factors and sequence-specific RNA maturation factors promote RNA editing and translatability [3] . Two types of RNA editing: cytidine-to-uridine editing in mRNAs and adenosine-to-inosine editing, have been identified in the model plant Arabidopsis thaliana [4] . RNA editing is a relatively rare molecular process that changes nucleotide sequences of a RNA molecule through the insertion, deletion, and base substitution of nucleotides within the edited RNA molecule under the function of RNA polymerase [5 -8] . RNA editing has been reported in some tRNA, rRNA, and mRNA. However, RNA editing has also been discovered in non-coding RNA, such as microRNAs (miRNAs) molecules of eukaryotes. Micro RNAs are a large family of small RNAs with important functional roles in regulating gene expression in animals and plants [9 -12] . In human and mouse, miRNA22 precursor molecules are subject to posttranscriptional modification by A-to-I RNA editing in vivo. A-to-I RNA editing of miRNA22 is predicted to have significant implications for the biogenesis and function of miRNA22. RNA editing of miRNA gene products could also take place in plants. In Arabidopsis, RNA editing in the precursor microRNAs of ath-miR854 family has a potential role in miRNA maturation [13 -15] .
Although RNA editing is an essential post-transcriptional modification in chloroplast gene expression, the factors mediating those processes are not fully identified in plants. It has been reported that the large Pentatricopeptide Repeat (PPR) protein family are required for RNA editing in chloroplasts [5] .Chloroplasts contain their own genetic system. Most chloroplast genes are organized in clusters and are co-transcribed. Posttranscriptional RNA editing of chloroplast gene transcripts is an important step in the control of chloroplast gene expression and is required for gene function [6] . Considering RNA editing of nuclear gene transcripts has been widely reviewed, here I only review RNA editing and the RNA editing associated regulation in chloroplast ( Table 1) . -to-U  OTP80, OTP81, OTP85, and OTP86  CRR22, CRR28, CLB19, OTP82 , and OTP84, [15] A-to-I tRNA adenosine deaminase arginine (TADA) Chloroplast transcripts [4] C-to-U CRR22 and CRR28 Organelle transcripts [16] C-to-U Quintuple editing factor 1 (QED1) and RARE1 Chloroplast C targets [23] C-to-U PDM1/SEL1 MORF9, MORF2, and MORF8 Transcripts of trnK, ndhA, and accD-1 [24] C-to-U PDM2, organellar RNA editing factor 2 (MORF2), and MORF9
Chloroplast transcripts [26] C-to-U ORRM6, RIP1/MORF8, RIP2/MORF2, and RIP9/MORF9
psbF-C77 and accD-C794 [25, 26] Tobacco C-to-U Pentatricopeptide repeat protein rpoB, psbL, and rps14 [9, 32] C-to-U Pentatricopeptide repeat protein Plastid ATPase alpha-subunit transcript [31] C-to-U Pentatricopeptide repeat protein RNA-dependent RNA polymerase (RdRp) [30] C-to-U Pentatricopeptide repeat protein psaC and ndhD [28, 29] C-to-U Pentatricopeptide repeat protein The asRNA and ndhB transcripts [26, 36] Poplar C-to-U Pentatricopeptide repeat protein The asRNA_ndhB transcripts [11] Spinach C-to-U Pentatricopeptide repeat protein psbE, psbF, psbL and psbJ transcripts [11] Pea C-to-U Pentatricopeptide repeat protein Acetyl coA carboxylase gene transcripts [10] Rice C-to-U CLB19, CRR4 and CRR21 Transcripts of rpoA and clpP [2] C-to-U CRR4, CRR21, and CLB19 Acetyl coA carboxylase gene transcripts [10, 33] Potato C-to-U CLB19, RpoA, and ClpP1 Transcript of accD [33, 34] Maize C-to-U Pentatricopeptide repeat protein Transcript ofchloroplast ATP synthase gene [5, 34] Sweet potato C-to-U Pentatricopeptide repeat protein Chloroplast functional-gene transcript [34] Bell pepper C-to-U Pentatricopeptide repeat protein Transcripts of the plastid psbL gene [27, 36] Mustard C-to-U Pentatricopeptide repeat protein psaA transcripts [37] Tomato C-to-U Pentatricopeptide repeat protein accD transcripts [38] Larix decidua C-to-U Pentatricopeptide repeat protein Protochlorophyllide oxidoreductase [40] Pinus sylvestris C-to-U Pentatricopeptide repeat protein The chlB transcript [39] Picea abies C-to-U Pentatricopeptide repeat protein Protochlorophyllide oxidoreductase gene transcripts [40] Dianthus superbus C-to-U Pentatricopeptide repeat protein Transcripts of ribosomal protein subunit S19 [44] Chlamydomonas reinhardtii C-to-U OPR, MCG1, and MBI1 petG transcript, PsbI transcripts [45] Rhazya stricta C-to-U Tetrapyrroles and pentatricopeptide repeat proteins Dnaj6, UDP-glucosyl transferase 85a2 gene transcripts [46] 2. RNA EDITING IN CHLOROPLAST
C-to-U Editing
RNA editing is an important process of gene regulation through nucleotide modification at post-transcriptional level. Many transcripts expressed in chloroplasts are modified by C-to-U RNA editing. C-to-U editing is the major type of RNA editing discovered in the chloroplasts of plants including Arabidopsis, tobacco, maize, rice, and potato. In maize chloroplasts, 27 C-to-U RNA editing sites have been identified to affect the expression of at least 15 different genes in 10 different maize tissues including chloroplasts, etioplasts, and amyloplasts. The role of editing in chloroplasts is to correct detrimental mutations rather than to produce protein diversity [7] . Although C-to-U editing modifies the chloroplast genes in maize, the mechanism for recognition of the targets of editing is not fully understood [8] . It has been reported that several nuclear-encoded proteins containing pentatricopeptide repeat motifs have been essential for chloroplast RNA editing through analysis of mutants affected in chloroplast biogenesis in Arabidopsis and rice. Many PPR proteins include a C-terminal DYW deaminase domain and the zinc binding motifs [9] . For example, the Arabidopsis nuclear-encoded gene RARE1 is required for editing of the chloroplast accD transcript [10] . The DYW deaminase domains of PPR proteins are involved in editing their cognate editing sites in chloroplasts [9] . C-to-U editing modification does not change the genome DNA sequence. RNA editing changes specific nucleotide sequences within a RNA molecule. RNA editing has generated by RNA polymerase [7, 8, 10] . RNA editing in mRNAs effectively alters the amino acid sequence of the encoded protein so that it differs from that predicted by the genomic DNA sequence. However, RNA editing including C-to-U editing modification does not change the genome DNA sequence. The events of RNA editing include the insertion, deletion, and base substitution of nucleotides within the edited RNA molecule. Therefore, RNA editing can serves as a safeguard because it can reverse harmful genomic mutations in corresponding RNA transcripts. Genomic studies in humans have uncovered a large number of RNA editing sites. Because cells employ RNA editing mechanisms to correct mistakes made during DNA replication, RNA editing can mean correcting detrimental mutations.
Computational prediction of RNA secondary structures in chloroplasts of Arabidopsis, Nicotiana tabacum, and poplar identified a long antisense RNA that is typical for the plastid-encoded RNA polymerase gene ndhB. The asRNA_ndhB transcripts accumulate in young leaves and are subject to C-to-U RNA editing [11] . In some cases, C-to-U RNA editing enzymes may participate in editing different sites in the chloroplast [9] . In the chloroplast DNA of moth orchid (P. aphrodite subsp. Formosana), 137 edits including 126 C-to-U and 11 U-to-C conversions were identified. 110 and 106 edits were present in leaf and floral tissues, respectively. RNA editing occurred in non-protein-coding transcripts such as tRNA, introns and some regulatory regions [12] .
A-to-I Editing
Although cytidine-to-uridine editing has been reported to be the majority of RNA editing in the chloroplasts of plants, another type of RNA editing: adenosine-to-inosine editing in a plastid genome-encoded tRNA has been characterized in the chloroplasts of the model plant Arabidopsis thaliana. A-to-I editing was identified in the anticodon of the plastid tRNA-Arg(ACG). AtTadA gene expression is involved in A-to-I editing in the chloroplast [4] .
RNA EDITING IN MODEL PLANTS

Arabidopsis
A large number of nucleus-encoded factors discovered via biochemical approaches in Arabidopsis may regulate plastid gene expression through RNA editing. The nucleus-encoded factors may modulate chloroplast gene expression in response to environmental cues via the assembly of the protein products into the photosynthetic apparatus [3] . The discovery of genes responsible for the specific RNA editing in the chloroplast via genetic approach is important in Arabidopsis [1] . The pentatricopeptide repeat proteins CLB19, CRR4, and CRR21 are required for editing of chloroplast transcripts rpoA and clpP that are important in chloroplast development and early seedling development [2] . Using the transgenomic suppression of point mutations, additional nuclear-encoded components have been found in chloroplast, indicating that several chloroplast-specific mechanisms evolved in the regulatory functions of the complexity of chloroplast gene expression in Arabidopsis [13] . Biochemical and mutant complementation studies showed that the Arabidopsis thaliana tRNA adenosine deaminase arginine (TADA) was required for deamination of chloroplast (cp)-tRNAArg(ACG) to cp-tRNAArg (ICG) and disruption of TADA reduced yields of chloroplast-encoded proteins and impaired photosynthetic function [14] .
Analysis of mutants in chloroplast biogenesis resulted in the identification of several Pentatricopeptide Repeat (PPR) proteins that are essential for the editing of RNA transcripts in Arabidopsis thaliana. The editing factors OTP80, OTP81, OTP82, OTP84, OTP85, and OTP86 participate in more than 17 editing events and are involved in the editing of multiple sites CRR22, CRR28, CLB19, OTP82, and OTP84 in Arabidopsis chloroplasts [15] . A-to-I editing in the anticodon of the plastid tRNA-Arg(ACG) reduced chloroplast translational efficiency [4] . Different DYW family members have different functions in RNA editing. The DYW proteins CHLORORESPIRATORY REDUCTION22 and CRR28 are necessary for editing of multiple plastid transcripts [16] . Chloroplast ribonucleoproteins (cpRNPs) are involved in chloroplast RNA processing in chloroplasts and the cpRNP family member CP31A exhibits highly specific defects in chloroplast RNA metabolism, suggesting that these chloroplast proteins are functional equivalents of nucleocytosolic hnRNPs [17] . The AtECB2 gene codes a pentatricopeptide repeat protein with a C-terminal DYW domain that is required for chloroplast transcript accD RNA editing and early chloroplast biogenesis in Arabidopsis thaliana [18] .
RNA editing sites found in chloroplasts of Arabidopsis could be involved in RNA maturation [11] . The editing of accD and ndhF transcripts is partially affected by the vanilla cream1 (vac1) albino mutant, suggesting that the VAC1 protein may be involved in plastid-to-nucleus retrograde signaling in addition to its role in chloroplast RNA editing and gene expression [19] . Functional significance of these processing events is an active area of current research [20] . SEL1 is a pentatricopeptide repeat gene that is involved in the regulation of plastid gene expression required for normal chloroplast development [21] . SVR7 gene that encodes a PPR-SMR protein in Arabidopsis thaliana is involved in translational activation of chloroplast ATP synthase in eudicotyledonous and monocotyledonous plants [5] . Many PPR proteins with a C-terminal DYW deaminase domain and zinc binding motifs are required in C-to-U editing. For example, OTP84 is required for editing three chloroplast sites in Arabidopsis thaliana [9] .
CLB19 is essential for the editing and functionality of the subunit A of plastid-encoded RNA polymerase (RpoA) and the catalytic subunit of the Clp protease (ClpP1) [22] . The chloroplast PPR-DYW editing factor, Quintuple Editing factor 1 (QED1), was shown to affect five different plastid editing sites and is required for editing efficiency [23] . PDM1 interacts directly with MORF9, MORF2, and MORF8 to edit the transcripts of trnK and ndhA, as well as accD-1, suggesting that PDM1 is an important protein for post-transcriptional regulation in chloroplast [24] . PDM2 that encodes a pentatricopeptide repeat protein that interacts with Multiple Organellar RNA editing Factor 2 (MORF2) and MORF9 to affect plastid RNA editing efficiency [25] . ORRM6 (ORGANELLE RNA RECOGNITION MOTIF PROTEIN6) interacts with RIP1/MORF8, RIP2/MORF2, and RIP9/MORF9 to regulate RNA editing of psbF-C77 and accD-C794 in Arabidopsis [26] .
Mutation stress, DNA duplication, ABA stress, abiotic stresses such as salt, drought, and low temperature stress can induce Pentatricopeptide Repeat (PPR) proteins [1, 2, 25] . Horizontal gene transfer has played a major role in the sporadic phylogenetic distribution of different PPR subclasses in both eukaryotes and prokaryotes. Pentatricopeptide repeat (PPR) proteins are a large family of RNA-binding proteins that regulate gene expression in organelles and the nucleus [1, 25] . PPRs have functions in RNA processing, splicing, editing, stability and translation. PPR proteins are classified into different subclasses based on their domain architecture and their function. Investigation into the structure and function of PPR-TGM proteins presents a novel opportunity for the exploitation of PPR proteins as drug targets to prevent disease [2, 25] . Functional and evolutionary studies provide insights into the different PPR subfamilies and their phylogenetic distributions will facilitate the understanding of the eukaryotic PPR protein families identified to date. However, mitochondrial and chloroplast Pentatricopeptide Repeat (PPR) proteins have been reported to regulate plant response to abiotic stresses [1, 2, 25].
Tobacco
RNA editing alters the transcript levels of tobacco chloroplast genes. Sequence analysis revealed 13 C-to-U editing sites in transcripts of 11 tobacco chloroplast genes. For example, the genes psbE, psbF, psbL and psbJ, encode two RNA editing sites. RNA editing process is differentially down-regulated in leucoplasts and proplastids and may function as a regulatory device in plastid gene expression [27] . In tobacco chloroplasts, RNA factors and RNA-binding proteins are involved in RNA editing and the regulation of gene expression in chloroplasts [6] . Transcripts of two tobacco chloroplast genes, the photosystem I component (psaC) and the NADH dehydrogenase subunit (ndhD), are modified through C-to-U editing [28] . Editing in tobacco rpoA mRNA restores the conserved leucine residue which is known to be important for transcriptional activation, suggesting that editing may be involved in the regulation of chloroplast-encoded RNA polymerase activity [29] . In the ndhD transcript of tobacco, editing of an ACG codon to a standard AUG initiator codon is a prerequisite for translation. The presence of an RNA-dependent RNA polymerase (RdRp) activity may have general implications in plastid gene expression [30] .
The expression of tobacco chloroplast genes is modified by C-to-U RNA editing. It is not known whether complementary RNA is involved in chloroplast editing site recognition. Expressing RNA antisense to the sequences -20 to +6 surrounding the RpoB-2 C target of editing had shown that transcripts carrying sequences -31 to +60 surrounding the RpoB-2 sites were edited in chloroplast transgenic plants [8] . A defect in RNA editing of a tobacco-specific editing site in the plastid ATPase alpha-subunit transcript results in the albino phenotype of Nicotiana tabacum, suggesting that differences in RNA editing patterns contribute to the pigment deficiencies [31] . In tobacco chloroplast transcripts 34 nt are efficiently edited to U. Transgene transcripts carrying either the wild-type -31/+22 or -31/+60 sequence near NTrpoB C473, an editing site within tobacco rpoB transcripts, were highly edited in vivo and the transcripts of rpoB, psbL and rps14 are critical for efficient NTrpoB C473 editing [32] . Two nucleotide positions in the asRNA_ndhB transcripts that predominantly accumulate in young leaves are subject to C-to-U RNA editing and the accumulation of asRNA_ndhB and RNA editing appeared weak in a temperature shift experiment, suggesting that long asRNAs could be involved in RNA stability [11] .
RNA EDITING IN CROP PLANTS
Rice
RNA editing changes the sequence of many transcripts in rice. The rice CLB19, which encodes a pentatricopeptide repeat protein, edits two chloroplast transcripts, rpoA and clpP [2] . Biochemical studies showed that the C-terminal domain is sufficient for tRNA deamination in plants [14] . Proteins containing pentatricopeptide repeat motifs have been identified to be trans-factors essential for chloroplast RNA editing in rice. Rice contains over 400 PPR genes including 80 C-terminal DYW domains. The rice editing factors CRR4, CRR21, and CLB19 are required for editing of the chloroplast accD transcript [10] . Gene expression in nongreen plastids is largely uncharacterized. Transcripts of photosynthesis-related genes showed a greater reduction in nongreen plastids compared with leaves. The transcripts of the fatty acid biosynthesis gene accD, displayed relatively high ribosome association [33] . Results of site-directed mutagenesis of the rpoA target demonstrated that the E domain of CLB19 interacts with the RNA-interacting protein MORF2/RIP2 for the editing and functionality of the subunit A of plastid-encoded RNA polymerase (RpoA) [22] .
Maize
The expression of the maize plastid genome is dependent on many nucleus-encoded factors. The maize nucleusencoded factors function in plastid gene expression and RNA editing [3] . In maize plastids, transcripts are modified at 27 C-to-U RNA editing sites and expression of 15 different genes is affected. The editing efficiency of different sites postulates individual trans-acting factors specific to each editing site [7] . RNA editing is an essential posttranscriptional step in chloroplast gene expression. The pentatricopeptide repeat proteins are required for chloroplast RNA editing. For example, maize ATP4 gene functions in maize chloroplast RNA editing [5] . The organization and structure of the chloroplast genome of maize were compared with other species and some gene gain-and-loss events were identified. In addition, the RNA editing events and differential expressions of the chloroplast functional-genes were detected [34] .
Bell Pepper
The nucleotide sequence of the plastid psbL gene from bell pepper is an example of RNA editing. Sequencing of the psbL cDNA revealed that ACG codon is post-transcriptionally edited into an AUG initiation codon in leaves, indicating that the RNA editing machinery exists in bell pepper chloroplasts [35] . RNA editing in chloroplasts proceeds by the conversion of individual cytidine residues to uridine. The discovery of RNA editing in chloroplasts has provided researchers with a wealth of molecular puzzles and with extraordinarily high precision [36] .
Mustard
The mustard chloroplast ycf3 gene was investigated for RNA editing. The ycf3 gene revealed two class-II introns that were removed, but no RNA editing seemed to be involved. Whereas transcripts of ycf3 and psaA initiated from PEP promoters, as well as transcripts of photosystem core-protein genes were edited [37] .
Tomato
Transcriptomics and translatomics analysis of the tomato (Solanum lycopersicum) plastid genome demonstrated that RNA editing exists in plastid genes in fruits and leaves. Sequencing analysis during chromoplast development demonstrated that transcripts of the plastid-encoded gene, accD, which is involved in fatty acid biosynthesis, has the developmental patterns of RNA editing through specific developmental changes in RNA editing efficiency [38] .
RNA EDITING IN WOODY PLANTS
Pinus sylvestris
RNA editing was less investigated in gymnosperms than in angiosperms. In pine species, RNA editing was first identified in the chlB transcript of Pinus sylvestris. ChlB is a chloroplast gene required for light-independent chlorophyll synthesis. Two C-to-U editing sites have been identified in the transcripts of ChIB. The editing of a CCG codon leads to an amino-acid substitution from proline to leucine and the editing of a CGG codon results in an arginine to tryptophan substitution [39] .
Larix decidua
Light-independent Chlorophyll (Chl) biosynthesis is important for the photosynthetic pigment-protein complexes. Expression of CHl genes is regulated by RNA editing. In Larix decidua Mill seedlings, C-to-U RNA editing exists in the transcripts of the Chl biosynthesis genes chlL, chlN and chlB that encode subunits of the light-independent protochlorophyllide oxidoreductase. The accumulation of the ChlB subunit was developmentally regulated and the efficiency of chlB RNA-editing was reduced in the mature dark-grown larch seedlings. RNA editing was also identified in seedlings of Picea abies (L.) Karst [40] . Expression of plastid genes showed organelle-specific elaborations on a prokaryotic scaffold [41] . The nucleus provides essential factors that are involved in many processes inside the chloroplast including RNA editing that regulates the expression and assembly of the photosynthetic thylakoid membrane complexes [42] . Expression of most plastid genes involves specific post-transcriptional processing events, such as RNA editing. Expression of the psbB gene cluster and RNA editing factors stabilize many of the processed RNA transcripts in the chloroplast [43] .
RNA EDITING IN MEDICAL PLANTS
Dianthus superbus
RNA editing has been identified in a few of medical plants. In Dianthus superbus var. longicalycinus, the ribosomal protein subunit S19 (rps19), the translation initiation factor IF-1 (infA), and ribosomal protein subunit L23 (rpl23) genes were contributed to the molecular biology and genetic engineering of RNA editing [44] .
Chlamydomonas reinhardtii
RNA editing of transcripts of chloroplast genes has been identified in Chlamydomonas reinhardtii. MCG1 and MBI1, which code for subunit of photosystem II, are editing related factors that are essential for functional cytochrome b6f dimer and are involved in translation of plastid mRNAs [45] .
Rhazya stricta
A large number of transcripts including Pentatricopeptide Repeat (PPR) protein genes have been identified in Rhazya stricta through RNA-Seq analysis. Chaperone protein Dnaj6 and protein transparent testa 12 are related to abiotic responses and participate Reactive Oxygen Species (ROS) production. They are targeted editing genes of the PPR gene family that were independent of the salt stress due to their RNA editing patterns were unchanged [46] .
CONCLUSION
We have overviewed the identified RNA editing and the RNA editing associated regulation in chloroplast, including cytidine-to-uridine editing, adenosine-to-inosine editing, and regulation of RNA editing in model plants, crop plants, woody plants, and medical plants. RNA editing is conducted by an editing complex called editosome that includes the deaminase [29, 32, 36] . The mechanism of the editosome includes an endonucleolytic cut at the mismatch point between the guide RNA and the unedited transcript. After the endonucleolytic cut, a terminal U-transferase adds U from UTP at the 3' end of the mRNA and a U-specific exoribonuclease removes the unpaired base, followed by an RNA ligase to rejoin the ends of the edited mRNA transcript. The RNA editing complex can use only a single guide RNA at a time [29, 36] . Therefore, more than one guide RNA and editosome complex will be needed when a RNA transcript requires extensive editing. The RNA editing process has been observed in some tRNA, rRNA, mRNA, or miRNA molecules of eukaryotes [32, 36] .
RNA editing occurs in the cell nucleus and cytosol, as well as within mitochondria and plastids. Editing of mRNA or other kinds of RNA is made to individual nucleotides by changing the base-pairing potential through the process of translation that involves base pairing between mRNA and tRNAs [29, 32, 36] . Editing of the mRNA occurs at the 3' end of the mRNA and may change the amino acid of the protein to increase the diversity of protein products that can be synthesized from the genome [29, 32] . Cells may also use different mechanisms that insert and delete nucleotides from RNAs in some eukaryotes. An example is in the mitochondria of trypanosomes [29, 36] . Uracil residues are added, or deleted from the mitochondrial mRNAs at many sites through the interaction of a large number of small guide RNAs. The best-characterized example of C-to-U RNA editing is the editing of the mRNA of apolipoprotein B that generates a stop codon and leads to down-regulation of protein expression [29, 32, 36] .
RNA editing occurs during the process of transcription and the process of mRNA splicing in the nucleus, chloroplasts, or mitochondria [32, 36] . The process of RNA editing comes in a myriad of different biological and evolutional natures across the phylogenetic spectrum. RNA editing is a biochemical process that cells can make discrete changes to specific nucleotide sequences within a RNA molecule [29, 36] . RNA editing makes distinct changes to RNA after its synthesis and before the translation of the mRNA into a protein. In addition to specific editing of individual nucleotides in the nucleus, mitochondria, and plastids, RNA editing is also a dynamic mechanism that generates molecular and functional diversity [29, 32, 36] . Knowledge described in this review could be valuable in determining the specificity of the RNA editing process.
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